Renewable Energy Systems (RES) are being widely accepted as an alternative to standard conventional energy sources due to depletion of natural resources and their consequential environmental impact. With improving techniques, reducing costs and low environmental impact, wind energy has the potential to become the major part in the world's energy future. The efficiency and control of wind generator is of outmost importance as wind is an intermittent resource. Pitch angle control is the most common means for adjusting the aerodynamic torque of the wind turbine when the wind speed is above rated speed. This paper presents a methodology for designing an optimised Fuzzy Logic Controller (FLC) system using Cuckoo Search Algorithm (CSA) for enhancing the performance of wind turbine by maximizing the captured energy. The simulation results clearly show that the controller demonstrated high performance than conventional PID controller.
Introduction
Due to increasing environmental concern during the 20th Century the research focus has moved from conventional electricity sources to renewable and alternative energy solutions [1] 267 [2] . Countries are modifying their energy production plans for the near future by encouraging green energy technologies via government funding and tax reductions. In renewable power generation, wind energy has been noted as the fastest-growing energy technology in the world as the world has enormous resources of wind energy. It has been estimated that tapping barely 10% of the wind energy available could supply all the electricity needs of the world [1] .
In present days, most the wind turbines being installed, are having pitch control systems with traditional Proportional -Integral (PI) algorithms [2] . These control systems are designed to perform near the nominal wind speeds and power extraction values. These mechanisms are popular due to their good response for linear model systems as well as their implementation simplicity. However, the large wind turbines make them highly non -linear systems, therefore, in case of large wind turbines to obtain maximum power extraction, non -linear control algorithms would be required.
Fuzzy logic has emerged as one of the active areas of research, particularly in control applications. It is a very powerful method of reasoning when mathematical models are not available and input data are imprecise [3] [4] [5] [6] [7] [8] [9] [10] [11] .
This paper represents the design of an optimum fuzzy logic control system for the pitch control of a 1.5 MW horizontal axis wind turbine, using Cuckoo search algorithm. There are different methods for solving an optimization problem [12] . Many of them are inspired from natural processes. For example, Genetic Algorithm (GA) which is inspired by natural genetic variation and natural selection [13] [14] , Particle Swarm Optimization (PSO) developed by Eberhard and Kennedy in 1995, which is inspired by social behaviour of bird flocking or fish schooling [15] [16] [17] and many more. The investigations on nature inspired optimization algorithms are still being done and new methods are being developed to continually solve some sort of nonlinear problems.
Cuckoo Search is a new evolutionary optimization algorithm which is inspired by lifestyle of a bird family called cuckoo developed by Xin-she Yang and Suash Deb in 2009 [19] . Specific egg laying and breeding of cuckoos is the basis of this novel optimization algorithm [12] [18] [19] . CSA is being explored by researchers for finding solutions of different optimisation problems. In [29] authors have applied CSA for the validation against structural engineering optimization problems. In this work, CSA has been subsequently applied to 13 design problems reported in the specialized literature. In their works [30] the authors presented a CSA based parameter estimation method to extract the parameters of single-diode models for commercial PV generators. Some researchers have demonstrated a methodology to optimally size three different 268 system schemes viz. Photovoltaic-Battery, Wind-Battery and Photovoltaic-Wind-Battery system for a remote area using CSA [31] .
In this present work, CSA has been used to optimise the pre-processor parameters of the fuzzy logic control system for the pitch control of a wind turbine. Performance curves were analysed and the results are discussed.
Wind turbine model
A wind turbine model is basically constructed with a mechanical turbine (low speed rotor and blades), gearbox (multiplicative) and the electric generator (high speed rotor) and can be represented as in Fig. 2.1 [2] . The power in the wind is proportional to the cube of the wind speed and may be expressed as [24] Pv= 0.5 ρ A vw 3 (2.1) where ρ is air density, A is the area swept by blades and υw is wind speed. A wind turbine can only extract part of the power from the wind, limited by the Betz limit which can achieve a maximum value of 59%. This fraction is described by the power coefficient of the turbine, Cp, which is a function of the blade pitch angle and the tip speed ratio.
The gearbox is the mechanical element that multiplies rotational speed of the mechanical turbine into the speed needed for the electric generator. The mechanical power Pm delivered at the output of an ideal gearbox as the one considered in this work is the same as the one extracted from wind and multiplied by the power coefficient Cp [2] . For wind at standard conditions (101. where Cp is the power coefficient of the wind turbine, β is the blade pitch angle and λ is the tip speed ratio. The tip speed ratio is defined as the ratio between the blade tip speed and the wind speed υw
where Ω is the turbine rotor speed and R is the radius of the wind turbine blade.
The performance curves commonly used to design a wind turbine for a chosen average site wind speed are the Cp -λ curves. These curves show information regarding wind speed and angle of attack at which maximum power coefficient Cpmax is obtained. The Cp relates with λ with the following expressions [25] [2]:
Where c1 , c2,….. c7 are specific constants for each wind turbine aerodynamic design. β (deg)
is the wind angle of attack at the blade. Fig. 2 .2 shows Cp -λ curves for different β of the studied for a 1.5 MW wind turbine [2] from which it can be observed that the mechanical power converted from the turbine blade is a function of the rotational speed, and the converted power is maximized at the particular rotational speed for various wind speed.
For this project, a squirrel cage induction generator was selected as these type of generator is the most commonly used for wind energy generation.
The complete wind turbine model was implemented and analysed using Simulink/ MATLAB programming. The mechanical turbine was constructed with equations 2.2 -2.5. Parameters for 270 the 1.5 MW wind turbine and wind turbine aerodynamic parameters can be found in [32] . Fuzzy control system is a control mechanism based on fuzzy set theory. As per the fuzzy theory and logic, a decision is made by mainly three operations:
fuzzification process, an inference engine for rule base and defuzzification process [21] . It is a mathematical system that analyses analogue input values in terms of logical variables that takes a continuous value between 0 and 1, unlike classical logic and operates on discrete values of either 1 or 0. It utilises the knowledge of an experienced user to design the knowledge base of the controller. Fig. 3 .1 represents the configuration of proposed fuzzy logic control. 
Cuckoo search algorithm (CSA)
Cuckoo Search Algorithm (CSA) is a very powerful optimization technique which is based on the interesting breeding behaviour such as brood parasitism of certain species of cuckoos [19] .
Cuckoo has aggressive reproduction strategy. These kinds of birds lay their eggs in the nests of other host birds with amazing abilities such as selecting the recently spawned nests and removing existing eggs that increase hatching probability of their eggs [26] . The host bird presumes those eggs as their own and takes care of them. However, if the host birds can discover the eggs as not as their own, they will either throw out the alien eggs or abundant the nest and build their new nests in new locations. This cuckoo breeding analogy is the inspiration behind the CSA. The details of CSA could be found in [19] [12] . The basic steps of the Cuckoo Search (CS) can be summarized as below [27] .
Step 1, →
Specify current place of residence of cuckoos randomly
Step 2, → Assign a number of eggs to each cuckoo.
Step 3, → Specify the laying radius of each cuckoo.
Step 4, → Cuckoos are laying on the host nests in their lay radius.
Step 5, → Eggs that are identified by the host birds are destroyed
Step 6, → Cuckoo eggs that have not been identified are grown.
Step 7, → Evaluate the place of residence of new cuckoos.
Step 8, →
Specify the maximum number of cuckoos that are in a place to live and eliminate those that are in unsuitable places.
Step 9, → cluster the cuckoos using k-means clustering method and specify the best group of cuckoos as the objective place of residence.
Step 10, → New cuckoo's population are moving to the objective location.
Step 11, → stop if the stop condition has been established, otherwise, go to step 2.
In this work, CSA has been used to optimize the pre-processor parts of the FLC to extract maximum power form a 1.5 MW wind turbine under variable wind speed.
Fuzzy logic controller design
In this paper, a self-tuned fuzzy controller is used for pitch angle control for variable speed wind turbine. The main objective of replacing linear by fuzzy control is to harvest maximum According to Figure 5 .1, the input signals to the fuzzy controller are the wind speed V and the error (difference between reference power and generated power). The output of the FLC system is β.
The detailed structure of the FLC used in this paper can be represented in Fig 5. 2 [27] . The pitching to feather methodology to obtain electric power from the wind turbine can be analysed using performance curves. Pe -v curve is the most useful powerful performance curves for this purpose. These curves show generated electric power versus wind velocity at constant chosen β angles. Fig. 5.3 shows some of these curves [2] . The Pe -v curves were drawn for chosen β =0, 2, 12, 18 and 23. From the curves it is can be clearly understood that β angle should be changed to maintain a 1.5 MW power generation under different wind speed conditions.
Observing the performance curves, the membership functions and the rules of the FLC is Table 5 .4. The optimization is done using MATLAB programming. 
Simulation results and Discussions
In order to verify control principle given in this paper, detailed model of the system has been developed using MATLAB programming. For simulation purposes, wind signal was constructed.
Randomly varying wind speed variation is illustrated in Fig. 6 .1, where the wind speeds are varying from 8m/s to 17m/s (rated speed 13m/s). The wind speeds have been used to evaluate the performance of the proposed wind turbine system using optimised fuzzy logic control system over a PI controller. For continuously varying wind speeds, the power output of the wind turbine generator will change accordingly. From Fig 6. 2 it can be clearly seen that for the given wind speed, the power generated by the FLC is more compared with the standard PI controller. In other words, the FLC provides better results compared with the standard PI controller, especially at the lower wind speeds.
Furthermore, from Fig 6. 3, it can also be observed that the FLC system with optimized preprocessor parameters performs better that the FLC without optimised pre-processor parameter at lower wind speed by extracting more power from the wind turbine. Hence, it can be stated that the CSA could successfully optimise the pre-processor parameters of the FLC system enabling the system to perform better than standard PI controller as well as an unoptimized FLC. The solid line represents the generated power of the wind power system with PI controller and dotted line represents the generated power of the wind power system with FLC -without preprocessors. The solid line represents the generated power of the wind power system with PI controller and dotted line represents the generated power of the wind power system with FLC with optimized pre-processing parameters.
Conclusion
From the perspective of efficiency and generation, control mechanism of wind generator is of outmost importance. In this paper, an efficient and effective tuning approach based on Cuckoo Search Algorithm is presented to optimally tune the pre-processor parameters of a Fuzzy Logic
Controller to extract maximum power from a 1.5 MW wind turbine using pitch control mechanism. It was evident from the results that, the incorporating FLC significantly improved the results compared with standard PI controller, especially at the lower wind speeds. Simulation results also show clearly that the optimized FLC system demonstrated better performance compared with un-optimised FLC system or PI controller in lower wind speed conditions due to its inherent characteristics to deal with non-linear models. It also performs quite satisfactorily at higher and rated speed compared to the un-optimised FLC system and standard PI controller.
Results show the robustness of the optimally tuned FLC system using CSA. Soft, nonlinear control action of this controller improve the wind turbine performance at low, and rated wind speeds.
